ABSTRACT
INTRODUCTION
The helical duplex of poly(dG-dC) has been shown to exist 1n the B and Z structural forms 1n aqueous solution and in the hydrated solid state by a variety of techniques including infrared spectroscopy (1-3). (For a review of the chemistry and biology of Z DNA, see reference 4.) In aqueous solutions, NaCI promotes the B to Z transition (5). In films and fibers, NaCI and decreasing hydration (or water activity) stabilize the Z structure (4). Several Ions (6) and complex ions (7) have also been found which stabilize the Z structure. It was recently found, using IR spectroscopy, that at very high hydrations and with an NaCI to nucleotide ratio (r) greater than one, poly(dG-dC) exists in a modified B-structural form (1).
The concentrations of NaCI and values for the activity of water which stabilize the B and Z structures are germane to the possible existence of regions of Z structure for DNA 1_n vivo. We therefore studied the relative stabilities of the structural forms of poly(dG-dC) as both NaCI content and hydration were varied in order to answer such questions as: What is the A number of previous studies have shown that IR spectroscopy of hydrated films is a sensitive and conclusive method for detecting the B to Z transition 1n poly(dG-dC) (1-3, 6) through the use of a number of clearly resolved Indicator bands. However, these studies have focused on high hydrations and NaCI contents. In this paper we describe the IR spectra of poly(dG-dC) at lower NaCI contents and hydrations than have previously been used and have tried to answer the above questions.
MATERIALS AND METHODS
The helical duplex form of poly(dG-dC) was purchased from Pharmacia P.L. B1ochem1cals, was dissolved 1n 0.1M NaCI, precipitated with ethanol and the precipitate was washed extensively with 70% ethanol-H 2 0. This removed buffers and salts which may accompany the samples as received. The UV and IR spectra of the washed sample were essentially Identical to those previously published (3).
NonoMented films of poly(dG-dC) were formed on AgCl plates. The mass of the polymer was determined by UV absorbance (€260 = ^-^ m 9/ m l c®) anc ' careful volumetric measurement to Insure the accurate calculation of the molar ratio of NaCI to nucleotide (r) added to the polymer. The amount of NaCI 1n a given sample 1s indicated by the value of r 1n parentheses. For example, NaCI(0.56) Indicates that the sample contains NaCI at r = 0.56. The details of the preparation of films and procedures for hydration by controlling the ambient relative humidity (rh) have been given in detail (3,9).
Spectra were recorded, stored and manipulated using the Perkin-Elmer model 683 spectrophotometer and 3500 minicomputer.
Two methods were used to measure absorbance values for poly(dG-dC) hydrated with D2O. In the first method the spectrum of liquid D2O was adjusted and then subtracted from the spectrum of the sample. The adjustment was accomplished by measuring the difference 1n abosrbance between 1158 and 1335 cm"* (x = H\ISQ -A1335) for a dehydrated (44% rh) sample of poly(dG-dC). It Is convenient to let A1335 = 0 which may be and is based on the fact that the ratios of absorbance differences 1n a given spectrum are Independent of the path length of the sample.
A second method of correcting for the background absorbance of D2O 1s to use the "three-point fattening" program Included 1n the Perk1n-E1mer 680 software which constructs a curved baseline through three specified frequencies (we used 1335, 1158 and 908 cm" 1 ) and subtracts this from the spectrum of the polymer. This gave results which were similar to the first method. An even simpler method would give reasonable answers for IR instruments without computer capability. Tangent to tangent base lines may be constructed between 1335, 1158 and 908 cm" 1 and absorbance values obtained as differences.
RESULTS

B-Family Structures
Spectra were recorded for films of poly(dG-dC) with and without NaCl as a function of hydration using H 2 0 and D 2 0 as the hydrating substances. This tactic shifts the interfering bands due to water and replaces NH and NH 2 groups with ND and N0 2 groups. This modifies certain bands of the cytosine and guanine residues and may also Influence the stabilities of the alternative structures for poly(dG-dC).
At maximum hydration (I.e., 100% rh) the spectra of the three samples (r = 0, 0.24 and 0.56) were essentially identical for hydration with D 2 0 (see Figures 1 and 2 curves B ) . The spectra of these samples were also quite similar at 100% rh(H 2 O) although differences exist between spectra obtained with H 2 0 and D^ as the hydrating substance. Our spectra confirm those previously obtained for highly hydrated poly(dG-dC) with hydration, since poly(dG-dC) without NaCl has the B* structure at 94% rh, but with NaCl(0.24) has the B structure at 94% rh. The latter sample was more highly hydrated than the former but retained the B structure.
As the NaCl content of the sample was reduced, the transition from B to B became broader. This may be due a decrease 1n cooperativity as NaCl 1s reduced or to metastable states and lack of equilibrium during dehydration and subsequent rehydration (9).
The IR spectra of the B structure with different NaCl contents are nearly Identical but this 1s not true for the spectra of the B structure. The bands due mainly to the C6=O of guanine and the C2=0 of cytosine (13 (1-3) . We therefore tried to determine the minimum NaCl content and maximum hydration that would Induce formation of the Z structure 1n poly(dG-dC).
This polymer containing NaCl(0.56) made a nearly complete transition from B at 98% rh(D 2 0) to Z at 94% rh (Table 1 and Figures 1 and 2 curves  Z) .
IR bands which characterize the Z structure 1n samples with NaCl (r > 1) (1-3) were fully confirmed by our results using samples with NaCl(0.56). However, the bands between 1600 and 1340 cm" Table 1 ) which show that the B to Z transition as observed 1n hydrated films is a two state phenomenon. Intermediate or transitional states do not exist for most of the subunits of the polymer. From both Figures 3 and 4 , we conclude that all of the molecular subgroups Involved in the normal modes of vibration producing these bands have synchronously completed the B* to B and B to Z transitions at 98 and 94% rhfD^O) respectively.
DISCUSSION
The spectra given above clearly define two structures for highly hydrated poly(dG-dC). IR spectra of the more highly hydrated form (which we call B ) have been observed previously (1-3). Although these samples were said "not to belong to a classical B form family... The lithium salt of poly(dG-dC) was observed in the B structure by X-ray diffraction using a fiber hydrated at 81% rh (18). This would presumably be the "wrinkled B" structure which has a dinucleotide repeat and other variations from the structure of "smooth B DNA" (19) . This suggests the possibility that our B structure could be "wrinkled B" and our B structure could be "smooth B" although we can not conclusively demonstrate this correspondence.
One fiber of poly(dG-dC) was found to be in the A structure at 92% rh and would not change to the B structure (18). The Z structure was also observed for fibers of this sample of poly(dG-dC) with NaCl at 43% rh (18 observe the A structure for poly(dG-dC) under any of our conditions of hydration or NaCl content. The lithium salt of this polymer may be needed to obtain the A structure.
The free-energy differences which affect the equilibrium between two DNA structures Involve changes in the strengths of hydrogen bonds, hydrophobic bonds and electrostatic interactions (21). NaCl will decrease electrostatic repulsions which favors the structure in which the PO2" groups are closer together. NaCl in aqueous solution strengthens hydrophobic bonds (22) which favors the structure with the larger base overlap.
Increasing the hydration of poly(dG-dC) favors B over B at any content of NaCl, which suggests that hydrophobic forces stabilize B . However, only minor differences in base stacking are suggested from the spectra. The similar aggregate strength of hydrogen bonding in B and B was noted above. Increasing NaCl stabilizes the B structure which suggests that electrostatic repulsion 1s more destabilizing 1n B than 1n B .
Stabilization of Z by NaCl suggests greater electrostatic repulsions 1n Z as compared to B (4). However, in aqueous solutions at very low Ionic strengths the Z form of poly(dG-m^dC) 1s stable (14, 15) which suggests that electrostatic and hydrophobic forces are not major factors 1n stabilizing Z with respect to B.
The Infrared spectra of poly(dG-dC) with NaCl(0.56), at higher salt contents and 1n solution (1-3, 16) show that the bands which arise mainly from the guanine C6=0 and the cytosine C2=0 stretching motions (at 1683 and 1655 cm" 1 for the B structure) move to lower frequencies (1665 and 1635 an" 1 ) for the Z structure with DgO hydration. We conclude that hydrogen bonds to the C6=0 and C2=0 groups are stronger In the Z structure than in the B structure and this conclusion 1s supported by the occurrence of the transition from B to Z at higher hydrations with O2O than with H2O. Stronger interbase hydrogen bonds would be expected in the Z structure which has less propeller twist (0°) than does the B structure (16°) (17). Hydrogen bonds become stronger as the axis of the N-H (or N-D) bond approaches Intersection with the oxygen atom. The Z structure may be further stabilized by hydrogen bonding between sites on the bases and the water molecules hydrating the major and minor grooves of the helix. Evidence does exist for some strongly bound water molecules 1n the Z structure (24). If dipole coupling is a valid explanation of the C=0 frequencies in poly(dG-dC), our interpretation in terms of hydrogen bonding is weakened. We, therefore, calculated values for D^ (using the method of Krimm and Abe, 27) from the geometry of the base pairs (4,24) and the Integrated intensity for the C2=0 band of cytosine (ca. 20,800 liter mole" 
An alternative explanation for the shifts 1n C=0 frequencies involves
